Abstract. Large dams degrade the integrity of a wide variety of ecosystems, yet direct downstream effects of dams have received the most attention from ecosystem managers and researchers. We investigated indirect upstream effects of dams resulting from decimation of migratory freshwater shrimp and fish populations in Puerto Rico, USA, in both high-and low-gradient streams. In high-gradient streams above large dams, native shrimps and fishes were extremely rare, whereas similar sites without large dams had high abundances of native consumers. Losses of native fauna above dams dramatically altered their basal food resources and assemblages of invertebrate competitors and prey. Compared to pools in high-gradient streams with no large dams, pool epilithon above dams had nine times more algal biomass, 20 times more fine benthic organic matter (FBOM), 65 times more fine benthic inorganic matter (FBIM), 28 times more carbon, 19 times more nitrogen, and four times more non-decapod invertebrate biomass. High-gradient riffles upstream from large dams had five times more FBIM than did undammed riffles but showed no difference in algal abundance, FBOM, or non-decapod invertebrate biomass. For epilithon of lowgradient streams, differences in basal resources between pools above large dams vs. without large dams were considerably smaller in magnitude than those observed for pools in highgradient sites. These results match previous stream experiments in which the strength of native shrimp and fish effects increased with stream gradient. Our results demonstrate that dams can indirectly affect upstream free-flowing reaches by eliminating strong top-down effects of consumers. Migratory omnivorous shrimps and fishes occur throughout the tropics, and the consequences of their declines upstream from many tropical dams are likely to be similar to those in Puerto Rico. Thus, ecological effects of migratory fauna loss upstream from dams encompass a wider variety of species interactions and biomes than the bottom-up effects (i.e., elimination of salmonid nutrient subsidies) recognized for northern temperate systems.
Introduction
Dam building is one of the primary means by which humans alter ecosystems (Rosenberg et al. 1997 Stanford 1983, Allan 1995) . Most ecological research on impounded river systems examines the direct down-sonal variation in temperature and rainfall (Larsen 2000) . Flash floods (discharge increases up to 10-fold in <1 h) occur throughout the year and wash out most accumulations of large woody debris. Land cover is mixed, with substantial recovery of tropical forest associated with declines in agriculture (e.g., pasture, coffee) and increases in low-density residential development over the past 30-60 years (Grau et al. 2003) .
Puerto Rican streams are dominated by migratory shrimps and fishes. Except for the catadromous American eel (Anguilla rostrata), all native freshwater shrimps and fishes are thought to be amphidromous, with adult females releasing larvae that passively drift downstream to the estuary before migrating back upstream as juveniles (Chace and Hobbs 1969 , March et al. 1998 , Nieves 1998 ). Three families of omnivorous migratory shrimps occur: Xiphocarididae (Xiphocaris elongata), Atyidae (e.g., Atya spp.), and Palaemonidae {Macrobrachium spp.; Covich and McDowell 1996) . Native fishes are the algivorous green stream goby (Sicydium plumieri) and five predatory fishes (Agonostomus monticola, Gobiomorus dormitor, Eleotris pisonis, Awaous tajasica, Anguilla rostrata) that feed primarily on shrimps and other invertebrates (Nieves 1998 ). Waterfalls block upstream migration of these predatory fishes. Shrimps and Sicydium are able to scale any gradient over which water flows, and they reach high abundances upstream from waterfalls (Covich 1988). Thus, shrimp and fish assemblages vary longitudinally in streams without large dams. Native predatory fishes are absent and shrimps and Sicydium are abundant in high-elevation, high-gradient streams without large dams; and native predatory fishes are present and shrimps are at low abundances in lowelevation, low-gradient streams without large dams (Covich and McDowell 1996) .
Studies using electricity as a mechanism for experimental exclusion have allowed incorporation of the natural hydrologic regime in examinations of effects of Puerto Rican macroconsumers in pools (e.g., , March et al. 2001 . Strong effects of experimental exclusion on benthic resources and invertebrates are primarily due to grazing and detritivory by shrimps during base flow. Effects of shrimps on their epilithic food resources are stronger and more persistent than are effects on these resources of typical flash floods, which occur about once every one or two months and last for about one or two days. Deposition of organic and inorganic materials during floods is common, but shrimps remove these materials in less than a day after return to base flow. At sites where shrimps are low in abundance (and thus standing stocks of their benthic food resources and invertebrate competitors/prey are high), scouring of benthic resources to low levels is only rarely evident after return to base flow ). When strong effects of scouring do persist, the benthic environment returns to nor-mal preflood conditions in 11-19 days (E. Greathouse, unpublished data).
Although experimental research has primarily documented ecological effects of feeding by shrimps, grazing by Sicydium plumieri likely has similar effects. In Costa Rica, effects of algivorous Sicydium on algal biomass, quantity and quality of benthic organic matter, and abundance of benthic insects are similar to findings for shrimps in Puerto Rico (Barbee 2002 
High-gradient stream survey
Study design and sampling. -Our main data set compares dammed and undammed streams that are high gradient (i.e., above waterfalls that block migration of predatory fishes). We used a natural experiment approach (sensu, Diamond 1986), sampling macroconsumers, benthic resources, and non-decapod invertebrates in seven stream reaches upstream from large dams and 10 undammed reaches (Fig. la) . We refer to sites above large dams as "dammed" and sites with no large dams as "undammed"; however, low-head dams (height <15 m) may occur upstream or downstream from any of our sites. The 10 undammed sites were dominated by shrimp and Sicydium with no predatory fishes. Physical conditions of the seven dammed sites are characteristic of streams that are dominated by shrimps and Sicydium (Table 1) ; it is highly likely that they were dominated by shrimp and Sicydium prior to dam construction. High-gradient dammed sites were above large dams without regular "free crest" spillway discharge (i.e., water flowing over the sloping face of a dam; hereafter referred to as spillway discharge). A lack of regular spillway discharge was previously found to cause upstream extirpation of shrimps and native fishes (Holmquist et al. 1998 To sample epilithic chlorophyll <z, fine (<1 mm) benthic inorganic matter (FBIM), fine benthic organic matter (FBOM), coarse (>1 mm) benthic organic matter (CBOM), and non-decapod invertebrates, we obtained randomly located samples from boulders/bedrock in each of the two major habitat types (pools and riffles that, on average, represented 44% and 54% of stream habitat, respectively). We also analyzed FBOM samples from pools for total C, N, and C:N (molar ratio). Chlorophyll a, FBIM, and FBOM were sampled using a suction device modified from Loeb (1981). Loeb samples were composited by habitat type (12 over three pools and 12 over three riffles) and brought back to the laboratory on ice for subsampling. A chlorophyll a subsample was filtered onto a precombusted glass fiber filter (Whatman GF/F, 0.7 |xm), frozen, and analyzed fluorometrically according to standard methods (APHA 1985) . A FBIM/FBOM subsample was filtered onto a precombusted, preweighed GF/F filter and dried at 50°C for at least 24 h. FBIM/FBOM filters from riffles were weighed to the nearest 0.001 g, ashed at 500°C for 3 h, and reweighed to determine inorganic and ash-free dry mass (AFDM) per unit area. For FBIM/FBOM filters from pools, we cut the dried filter into two roughly equal sections and weighed each section to the nearest 0.001 g. One filter section was analyzed for C and N using a PerkinElmer CHN analyzer (PerkinElmer, Wellesley, Massachusetts, USA). The other section was analyzed for inorganic mass and AFDM, as described for FBIM/FBOM filters from riffles.
Three riffles were sampled for CBOM and non-decapod benthic invertebrates by scrub brushing invertebrates and benthic matter from a known area into a 210-|xm hand net. In three pools, we used the "benthic block net" described by Greathouse and Pringle (2005) to sample CBOM quantitatively (i.e., mass per unit area) and non-decapod invertebrates semiquantitatively (i.e., biomass per unit effort). Invertebrate/CBOM samples were preserved with ethanol and processed following methods modified from Lugthart and Wallace (1992). We sieved samples in nested 1-mm and 250-|xm sieves prior to sorting for macroinvertebrates and performing AFDM analyses on CBOM using methods described for FBIM/FBOM filters. Invertebrates were identified to the lowest practicable level (generally family for insects and class or order for other nondecapod invertebrates), and length-mass regressions were used to determine biomass.
All sites except U9 were electroshocked for macroconsumers (fishes, adult shrimps, crabs, tadpoles) by using a catch-per-unit-effort method (point abundance sampling) modified from Fievet et al. (1996) . Two dip MANOVA because increasing forested land cover correlates with decreasing human-dominated land cover, but excluding the human-dominated land uses did not alter the significance of the MANOVA. Univariate ANOVAs were also performed for each physical and chemical parameter in Table 1 and the Appendix. Macroconsumer sampling was intended to confirm that previous findings of Holmquist et al. (i.e., extirpation of migratory fauna above dams) also operated at our specific sites (Holmquist et al. 1998 ). Thus we simplified analysis of macroconsumer data by categorizing captured fauna as migratory or nonmigratory and conducted separate one-way ANOVAs on each category. For benthic resources measured in both pools and riffles (chlorophyll a, CBOM, FBOM, FBIM), we conducted univariate split-plot ANOVAs, in which the whole-plot factor was dam status (i.e., above vs. without large dam), the within-plot factor was habitat (i.e., riffles vs. pools), and the plot was site nested within dam status. To facilitate interpretation of significant interactions in the split-plot ANOVAs, we conducted subsequent oneway ANOVAs that tested dam status separately in each habitat type. For benthic resources measured in pools only (C, N, C:N), we conducted one-way ANOVAs. Non-decapod invertebrates from pools and riffles were analyzed with separate statistical tests because sampling methods in each habitat yielded different units (catch per unit effort in pools, per unit area in riffles). One-way ANOVAs were performed on total abundances and total biomasses. One-way MANOVAs were also conducted on biomasses of common taxa with subsequent univariate ANOVAs if the MANOVA was significant. For all analyses, we used site as the experimental unit, arcsine-transformed percentages, and performed Iog10(jc +1) transformations on nonpercentage data when a Shapiro-Wilk test indicated lack of noi> mality.
Low-gradient stream survey
Study design and sampling. -In July-August 2000, we resurveyed 14 of 15 streams (Fig. lb) that Holmquist et al. (1998) surveyed for fishes and shrimps. We measured epilithic chlorophyll a, FBIM, FBOM, C, N, and C:N occurring on boulders and bedrock in pools. Methods generally followed those described for the high-gradient survey except that Loeb samples were haphazardly, not randomly, located. In our analysis, we excluded two problematic sites (D12, D15) out of the 14 resurveyed. Site D12 was a sandy-bottomed stream, whereas substrates at other sites were heterogeneous EFFBE A. GREATHOUSE ET AL. Ecologies AppUcatjons (Table 2) , most of the undammed sites contained predatory fishes and low abundances of shrimps, and it is highly likely that most of the dammed sites contained predatory fishes and low shrimp abundances prior to damming. Physical and chemical parameters measured at the six dammed and six undammed sites were comparable (Table 2) . Two sites (D9, D10) were above large dams with regular spillway discharge, allowing low numbers of shrimps and Sicydium to scale the sloping face of the dam and recruit into upstream habitats. Although shrimps and Sicydium are present above these two semipermeable dams, their abundances are greatly reduced (Holmquist et al. 1998 ). Thus we expected our low-gradient stream survey to compare dammed streams, in which native shrimps and fishes were either extirpated or reduced, to undammed streams with relatively natural shrimp and fish assemblages.
Statistical analyses. -Dammed and undammed lowgradient sites were compared with one-way multivariate and univariate ANOVAs. Physical and chemical parameters were analyzed with separate MANOVAs and univariate ANOVAs (Table 2) . Benthic resources were analyzed with ANOVAs. Site was the experimental unit, and data transformations followed those described for analyses of high-gradient sites.
Results

High-gradient stream survey
Macroconsumers. -Macroconsumer assemblages in sites above large dams were dramatically different than those in sites without large dams (Fig. 2) We collected three Xiphocaris from a single pool during electroshocking at site Dl (Fig. 2) . No other native fishes or shrimps were captured during electroshocking at dammed sites. However, over the course of our field work and study site selection, we observed rare occurrences of additional native fishes and shrimps at sites above dams with no regular spillway discharge (Dl, Gobiomorus dormitor; D6, Xiphocaris; D15, Xiphocaris and atyid shrimps).
Benthic resources. -Differences between dammed and undammed sites for epilithic chlorophyll ay FBOM, and FBIM varied by habitat (Fig. 3, Table 3 ). Pools above large dams had dramatically higher chlorophyll a, FBOM, and FBIM relative to pools at undammed sites. In riffles, there were no significant differences between dammed and undammed sites for chlorophyll a and FBOM, and though FBIM was significantly higher in dammed compared to undammed riffles, the dif- ference was small compared to that observed in pools. CBOM did not differ between dammed and undammed sites for either habitat, but pools had significantly higher standing stocks of CBOM than did riffles (Fig. 3 , Table 3 ). Epilithic standing stocks of C and N in pools were significantly higher in dammed compared to undammed sites (ANOVAs: C, FU5 = 77.67, P < 0.0001; N, FU5 = 67.63, P < 0.0001; Fig. 3 ), but epilithic C: N showed no significant difference (FU5 = 1.78, P = 0.2; Fig. 3 ). Non-decapod invertebrates. -Compared to pools in sites without large dams, pools above large dams contained significantly higher total biomass of non-decapod benthic invertebrates (ANOVA: FU5 = 11.88, P = 0.004; Table 4 ). Total abundance in pool samples was also significantly higher above dams (FU5 = 25.94, P = 0.0001; Table 4 ). In riffles, differences between dammed and undammed sites in total biomass and abundance per unit area were not significant (FU5 = 0.31, P = 0.59) and marginally significant (FU5 = 4.13, P = 0.060), respectively (Table 4). Nine of 1 1 common non-decapod invertebrate taxa in pools showed significant, or marginally significant, differences in biomass between dammed and undammed sites (Table 4) . Higher biomass in dammed sites was significant or marginally significant for eight taxa, including several predators (Gyrinidae, Odonata, Ceratopogonidae) and grazers/collector-gatherers (Chironomidae, Hydroptilidae, Caenidae, Ancylidae, Oligochaeta). Baetid biomass was marginally higher in undammed sites. In riffles, biomass of common taxa was not significantly different between dammed and undammed sites (Table 4) (Table 1) .
Most benthic resources in pools were higher in dammed streams, consistent with our hypotheses. How- Increased abundance and biomass of non-decapod invertebrates in boulder/bedrock pool habitat above dams reflects increased standing stocks of their probable food resources (e.g., algae, fine organic matter, invertebrate prey) and indicates a release from competition with shrimps and Sicydium. In addition, due to their relative immobility and lack of protective structures (e.g., shells, hard stone cases), several taxa (Chironomidae, Hydroptilidae, Ceratopogonidae, Oligochaeta) may be vulnerable to direct bioturbation or predation during omnivorous feeding by shrimps and Sicydium. Vulnerability of small instars to direct bioturbation or predation is also likely to explain why total abundance increased 14-fold while total biomass only increased four-fold. The different patterns in abundance vs. biomass were largely driven by increased numbers of small Chironomidae and Caenidae above dams, which resulted in a more dramatic change in overall abundance and a less marked change in biomass (E. Greathouse, unpublished data). Shrimp and Sicydium bioturbation may also negatively affect some taxa by reducing their habitat resources (e.g., fine inorganic matter used in chironomid cases). For riffles, our results indicate that, in contrast to pools, competition, predation, and bioturbation by shrimps and Sicydium do not affect epilithic non-decapod invertebrates.
Our results corroborate past experiments, which showed that shrimps in pools have large and highly significant effects on sessile collector-gatherer chironomids and no effects on case-making calamoceratid caddisfly larvae ( March et al. 2001 March et al. , 2002 . We found significant differences between dammed and undammed sites for many taxa that, in previous studies, were rare or absent and showed no differences. These previous studies differed from our survey of dammed vs. undammed sites in terms of the scale of exclusion (experimental exclusion replicates were -0.25 m2 and ran for ~30-40 d, whereas large dams eliminated or severely reduced shrimps and fishes from whole watersheds for decades) as well as non-decapod invertebrate sampling methods and catchment conditions (e.g., agricultural land use ranges from 0.5% to 44% in this study, but previous study sites had 100% forested land cover). Conducting smallscale experiments at four of the high-gradient survey sites showed results for non-decapod invertebrates that match those observed here (Greathouse 2005) . Treatments in these sets of experiments differed from the survey in terms of experimental scale but not in terms of sampling methods or overall catchment conditions. Thus, the differences between this study and previous experiments are likely due to the more effective invertebrate sampling method used in this study (Greathouse and Pringle 2005) and/or differences in catchment conditions such as land use. An important question for future applied research is whether abundance of migratory shrimps and fishes interacts with land use to affect non-decapod invertebrates.
Low-gradient streams. -Results from low-gradient streams suggest that effects of migratory fauna losses above large dams depend on stream gradient. Differences in benthic resources between dammed and undammed streams were less pronounced in low-gradient than in high-gradient sites. For low-gradient sites, pool epilithon in dammed streams had only twice as much chlorophyll a, three times more FBOM, three times more C, and three times more N compared to pools in undammed sites, and FBIM showed no significant difference. Although we did not collect concurrent data on macroconsumer abundance, data from the low-gradient sites 6-7 yr prior to our study show that dams caused upstream declines in native shrimps and fishes (Holmquist et al. 1998 ). Our undammed low-gradient sites also had low abundances of native shrimps and fishes in comparison to the high abundances we observed at high-gradient sites (E. Greathouse, personal observation). Thus, these findings support those of March et al. (2001 March et al. ( , 2002 : effects of macroconsumers are stronger in high-gradient, shrimp-dominated rivers than they are in low-gradient rivers where predators limit shrimp abundances and activity.
Significance, implications, and recommendations
We demonstrated strong ecological effects of dams on free-flowing streams above reservoirs. Effects were observed for all major food web components: primary producers (chlorophyll a), detritus (FBOM), and nutrients (C, N) ; grazers, detritivores, and predators (Si- Although we examined response variables that can be measured in small-scale experiments, our approach (i.e., comparing replicated, well-matched streams above vs. without large dams) would be ideal to use in determining effects of migratory fauna on large-scale ecosystem processes. Processes such as nutrient spiraling, whole-stream metabolism, and seston dynamics require study at large spatial and temporal scales. Large dams eliminate migratory fauna over such scales (i.e., whole catchments, decades). Studies using our approach would be especially useful if combined with long-term, whole-stream experimental exclusion of migratory organisms. Costs generally limit largescale manipulation to a single site (Diamond 1986 ), but as we have shown, sampling matched dammed and undammed sites can be easily replicated. Together, the two approaches may provide the strongest inference possible for ecosystem-scale research on effects of migratory fauna.
We also suggest that studies using reaches upstream from a dam as "control" sites in evaluating downstream dam effects (e.g., Stanford and Ward 2001) should be analyzed carefully. Upstream effects of dams may confound comparisons between downstream sites and upstream reference reaches, even if the upstream reaches are never under reservoir water. Some studies have found these upstream effects of dams on fish assemblages to be small, due to apparent dominance by nonmigratory fauna (Cumming 2004 ) and due to large basin size and consequent long distances between study sites and the downstream reservoir (Gido et al. 2002) . Our study indicates that in tropical streams dominated by migratory fauna, upstream effects of dams are large and extend beyond changes in fish assemblages, even at great distances (0.7-20 km, Fig. 1 ) from a given reservoir. Thus, the best study design to examine comprehensive effects of dams would include sites located downstream from dams, upstream from dams, and in undammed drainages.
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